TEXT

Photovoltaics (PV)
1 directly convert sunlight to electricity using semiconductor PV cells, and have been the most prevalent solar energy-harvesting technology. Despite the development over the past few decades, the efficiency of state-of-the-art, single-junction PV cells is still far below the fundamental limit predicted by Shockley and Queisser 2 , which is dictated mainly by energy losses due to below-bandgap photons and hot-carrier thermalization, owing to the broad distribution of the solar spectrum. To minimize these losses, numerous novel PV device concepts have been proposed and realized [3] [4] [5] [6] [7] . While they indeed improve the PV efficiency to some extent, they all suffer from their own respective problems, including high manufacturing cost, complex device fabrication processes, as well as material instability and degradation. Solar thermophotovoltaics (STPV) 8, 9 represent a promising alternative to traditional photovoltaics for solar energy harvesting, where an absorber/emitter intermediate structure first absorbs the incoming sunlight, heats up, and then emits thermal photons towards the PV cell to excite charge carriers for power
generation. An ideal STPV system has a solar-to-electric energy conversion efficiency much higher than that of a stand-alone PV cell, as a carefully designed STPV intermediate structure can
fully capture the incident sunlight and convert it into narrowband thermal emission right above the bandgap of the PV cell 10 . It has been theoretically shown that the STPV efficiency could significantly surpass the aforementioned Shockley-Queisser limit, reaching 85% and 54% under fully concentrated and unconcentrated solar radiation, respectively 11 .
Recently, several proof-of-concept STPV experiments have been reported employing various absorber/emitter intermediate structures [12] [13] [14] [15] [16] , including multi-walled carbon nanotubes, photonic crystals (PhCs), and two-dimensional multilayers. Although these initial demonstrations are quite encouraging, the realized energy conversion efficiency is, however, limited to a few percent, and significant work remains to further improve the spectral selectivity and high-temperature stability of absorbers and emitters for enhanced STPV efficiencies. Solar absorbers for STPV should have high absorptance in the visible and near-infrared spectrum but strongly suppressed mid-infrared re-emission, and should resist degradation at elevated temperatures (>1000 °C). Solar absorbers can be readily realized using transition metals and heavily doped semiconductors 17 , tandem structures based on metal/dielectric multilayers 18, 19 , and engineered micro-and nano-optical materials 20, 21 . However, these approaches suffer from either poor spectral selectivity, complex fabrication processing or, with a few exceptions 14, 22, 23 , operation only at low temperatures (constrained by the melting point of their constituent materials, e.g., Au and Ag), and hence are not of practical use for STPV applications. Development of wavelength-selective thermal emitters for STPV can be even more challenging, as all materials at elevated temperatures naturally emit a fairly broad thermal radiation background 24 . To maximize the radiative heat transfer, the thermal emission should have close-to-unity emittance at energies right above the bandgap of the PV cell and spectrally alignment to the blackbody spectral maximum at the operational temperature. For PV cells fabricated from GaSb 25 
Results
The design of the refractory solar absorbers is based on a metal/dielectric/metal metasurface structure [42] [43] [44] , using tungsten (W) for the metal and aluminum oxide (Al2O3) for the dielectric spacer owing to their high melting points (> 2000 °C) and low thermal expansion coefficients.
As shown in Figure 1a , a unit cell comprising four W-nanodisks of different diameters was employed for maximizing absorption bandwidth in the solar spectral region while minimizing the absorption in the mid-infrared, through systematically tuning the geometrical parameters of the unit cell in full-wave numerical simulations. The optimized W-metasurface solar absorbers were then fabricated using electron beam lithography (EBL) methods with DC sputtered tungsten and atomic layer deposited (ALD) Al2O3 films (see Methods), as illustrated in the top-view scanning electron microscopy (SEM) image in Figure 1b . The reflectance ( , , ) was first experimentally measured at room temperature (see Methods), from which the absorptance ( , , ) was obtained using ( , , ) = 1 − ( , , ), as the transmission was completely blocked by the W-ground plane. As shown in Figure 1c , the measured absorptance is higher than 6 90% within the entire visible and part of the near-infrared region where the solar spectrum has significant energy intensity (see the AM 1.5 solar spectrum indicated by the shaded background in Figure 1c ). Towards longer wavelengths the absorption drops significantly: ~40% at = 1.5 µm, and well below 20% in the mid-infrared region. The measured absorptance is in overall agreement with the simulated spectra also shown in Figure 1c . As compared to bare W-films, the absorptance of the W-metasurface absorbers is significantly enhanced near visible wavelengths as shown by the black color of the optical micrograph for a fabricated sample in the inset to Figure 1b . At longer wavelengths the absorptance is suppressed and approaches that of a bare W film in the midinfrared. The measured absorptance exhibits a weak dependence on the angle of incidence q (see Figure 1d ) and the azimuthal angle j (not shown), and does not depend on the incident polarization states due to their rotational symmetry. These properties are crucial for the STPV intermediate structure operating at high solar concentrations.
We found that the fabrication process of the W thin films (i.e., sputtering vs. e-beam evaporation) has a significant impact on the performance of the metasurface absorbers as shown in Figure 1e .
The metasurface absorber using e-beam evaporated W-films exhibits high absorptance in the visible and near-infrared regions, but the absorptance remains high at longer wavelengths, which is undesirable as it causes a higher radiation loss. The contrast of absorption spectra can be understood by the very different optical and structural properties of the W-films deposited by sputtering and evaporation (see Supplementary Figures S1 and S2). In order to eventually operate at high temperatures, we also deposited a conformal 20 nm-thick hafnium oxide (HfO2) layer onto the fabricated W-metasurface absorbers as the protective layer to prevent the W-nanodisks from possible oxidation and evaporation and improve their thermal stability 29, 33, 45 . The absorptance spectrum measured at room temperature is shown in Figure 1f , exhibiting the same characteristic 7 as that of the uncoated one, but slightly red-shifted. This is expected as the HfO2 coating changes the dielectric environment of the resonant W-nanodisks, and can be easily compensated by tailoring their geometrical parameters such as the nanodisk diameters.
According to Kirchhoff's law, the design of a wavelength-selective thermal emitter is equivalent to that of a wavelength-selective absorber. Similar to the broadband metasurface absorbers described above, we employed single-size W-nanodisks to demonstrate our metasurface thermal emitters, as shown in Figure 2a for the unit cell schematic and the left inset to Figure 2d for an SEM image of a fabricated sample. The room-temperature emittance spectra ( , , ) are shown in Figure 2b for two selected nanodisk diameters, obtained from the measured absorptance by using ( , , ) = ( , , ). A high emittance peak of ~90% can be observed, which is redshifted from λ = 1.45 µm to 1.65 µm as expected when the nanodisk diameter increases from d = 360 nm to 400 nm. As a comparison, the emittance of sputtered plain W-films, as shown in Figure   1c , is merely 25 ~ 30% in the same wavelength range. The wavelength selective emission in the near-infrared can be efficiently coupled into InGaAsSb PV cells 46, 47 . As shown in Figure 2b , the emittance peak of the d = 360 nm emitter is located at the maximum external quantum efficiency (EQE) of InGaAsSb PV cells. We notice the broad emittance band near the visible region, with magnitude and spectral position almost independent on the nanodisk size. However, owing to the low spectral radiance of the blackbody at short wavelengths 24 for < 2000 ºC shown as the shaded background in Figure 2b , this high emittance in the visible region contributes very little to the emitted output power, and hence does not degrade the spectral selectivity. In Figure 2c we show the measured angular dependence of the emittance for the W-metasurface emitter with d = 400 nm. It is apparent that the emittance peak at ~1.65 µm does not shift as the angle increases, and remains about 60% when the angle increases to 60°, consistent with the typical behavior of metasurface absorbers 48 . This is in sharp contrast to photonic crystal thermal emitters where the emittance drops significantly at large angles. Therefore our metasurface emitter can provide much larger hemispherical integrated emission power, which is especially advantageous for STPV systems with a cylindrical geometry 49 , as the thermal energy emitted in all directions from the emitter can be fully absorbed by its surrounding PV cells for power generation. were then characterized at room temperature and/or at 1200 °C, and their structural morphology was examined via SEM. In Figure 2b we show the room-temperature emittance measured before and after 10 heating cycles for the W-metasurface thermal emitters. Although they retain good structural integrity, as can be seen by the SEM image in the right inset to Figure 2d , the emittance peaks in the near-infrared are red-shifted by ~500 nm. For the d = 360 nm (400 nm) emitter, its emittance peak shifts from l ~ 1.45 µm (1.65 µm) to l ~ 1.95 µm (2.15 µm), and its amplitude decreases to ~80% after annealing. Our experimental results reveal that, irrespective of the value of d, the spectral shifting occurs only during the first few annealing cycles and then remains stable for the following heating cycles.
The observed redshift may result from the observed morphology change of the tungsten nanodisks during thermal annealing. As can be seen in the high-magnification SEM images (see Supplementary Figure S4 ), the tungsten nanodisks seem to undergo a subtle structural 9 reconstruction induced by the annealing to reach a new thermodynamically stable phase and eventually become more oblate-like spheroids after 10 heating cycles, which could change the resonance strength and dispersion of the nanodisk array, and consequently shift the cavity resonance responsible for metasurface absorption peak towards longer wavelengths 50 . The surfaces of the tungsten metasurface emitters also appear much rougher after annealing, leading to higher scattering losses and thus lower emittance. We note that, despite the slightly decreased emittance after annealing, the redshifted resonant peak for the d = 360 nm metasurface emitter not only remains within the high EQE region, but it is also well aligned to the 1200 °C blackbody spectrum (shaded background) and the band-edge of the InGaAsSb PV cell. The below-bandgap thermal photons could, in principle, be further recycled with the aid of an optical filter 13 .
Similar heating cycles were applied to the W-metasurface solar absorbers. As shown by SEM images in Figures 3a and 3b , the structural integrity of both uncoated and HfO2-coated absorbers is well maintained after 10 heating cycles, and no discernible structural degradation is observed.
In Figures 3d and 3e , we compare their spectral absorptance before and after 5 and 10 heating cycles, revealing that the absorptance after repeated heating cycles remains mostly unchanged as compared to its value before annealing, and stays constant after the first heating cycle. At short wavelengths, the absorptance is slightly enhanced after annealing, which is probably due to the slightly smaller and rounder W-nanodisks (see Supplementary Figure S5 ). However, it is unclear why the morphology change observed in metasurface emitters was not observed for our uncoated W-metasurface absorbers after the same number of annealing cycles (see insets to Figure 2d ), although it could be inferred that the morphology change of nanodisks induced by thermal annealing may have been largely dependent upon the nanodisk size 38 . We further annealed the HfO2-coated W-metasurface absorbers at 1200 °C for a total of 10 hours to investigate their long-term thermal stability, and the results shown in Figures 3c and 3f clearly reveal that both their structural and optical properties are well maintained after the prolonged heating, further demonstrating the superior thermal stability of the W-based metasurface solar absorbers.
For STPV application the spectral characteristics of the W-metasufaces should be retained at high operational temperatures. We characterized in-situ the absorptance spectra of the W-metasurface solar absorbers at 1200 °C. As shown in Figure 4 the solid curves, the absorption characteristics of both uncoated and HfO2 coated absorbers are clearly unchanged at the elevated temperature of 1200 °C, except for the slightly increased absorptance at wavelengths > 1.6 µm, as compared to those absorptance spectra measured at room temperature shown by the dashed curves. We also notice that the absorptance of both absorbers in the infrared region seems to slightly increase with temperature. These could be due to the increased surface roughness and the unavoidable increased absorption of tungsten at high temperatures 51 . It is worth noting that the maximum temperature in our experiments is limited to the melting point of the silicon substrate. Therefore, we believe that our W-based metasurface absorbers and emitters, especially the HfO2-coated ones, are likely to withstand operational temperatures much higher than 1200 °C when fabricated on a refractory substrate.
Discussion
The demonstrated W-metasurface absorbers and emitters are promising for further enhancing the current STPV efficiency due to their superior spectral selectivity and thermal stability. Compared to numerous absorbers and emitters reported elsewhere 20, 30, 31, 33, [36] [37] [38] [39] , the demonstrated spectral selectivity and thermal stability of our W-metasurfaces are unprecedented. Their optical and structural properties could potentially be further improved by using higher quality tungsten deposited by chemical vapor deposition (CVD) or ALD. Other metals such as tantalum or molybdenum are also suitable for high-performance refractory metasurface absorbers and emitters.
In particular, tantalum has lower emittance in the near-and mid-infrared compared to tungsten 52 , which could lead to solar absorbers with an even sharper cutoff and thermal emitters with less below-bandgap emission. Regardless of materials, our metasurface structures can be easily scaled up to a large surface area by using advanced fabrication techniques, such as deep UV photolithography or nanoimprint. Due to their compact size, they could potentially be integrated into more complex STPV systems with non-planar geometries 49 .
We estimated the performance of a potential STPV system employing a fully integrated Wmetasurface absorber/emitter intermediate structure based on a detailed balance calculation (see Methods). In the calculation, the after-annealing experimental data of the HfO2-coated Wmetasurface absorber and the d = 360 nm thermal emitter were used. In Figures 5a and 5b Figure 5b , we find that the intermediate structure could achieve an efficiency higher than 70% when the area ratio is larger than 10 regardless of the solar concentration. For a given solar concentration, 78 increases with the emitter-to-absorber area ratio up to Ae/Aa ~ 20. Further increasing the area ratio has a much less effect on 78 , because although the emitted power grows with Ae, the equilibrium temperature decreases with Ae/Aa (see Figure 5a ). Also note that the intermediate structure efficiency does not have a strong dependence on ; : although higher solar concentration could result in more emitted power from the emitter due to higher equilibrium temperatures, at the same time it also increases the re-emission losses from the absorber. Finally, the projected full STPV efficiency 8<=> for an InGaAsSb PV cell is illustrated in Figure 5c . It is clear that the STPV system could attain efficiency much higher than that of a stand-alone InGaAsSb PV cell (the dashed line represents the efficiency of the InGaAsSb cell, ~4% under direct solar illumination). The maximum STPV efficiency is as high as 18% at the equilibrium temperature of 1380 °C under solar concentration of 4000 suns.
For comparison, the efficiency of the InGaAsSb PV cell is only 7.9% under the same solar concentration. More importantly, we find that 8<=> could exceed that of the InGaAsSb cell at solar concentrations of as low as ~ 70 suns for Ae/Aa = 5, and readily reach 10% at ~200 and 400 suns for two practical emitter-to-absorber area ratios Ae/Aa = 5 and 15, respectively (see Figure   5d ). These findings suggest that the potential STPV system employing our W-metasurface 
CONCLUSION
In conclusion, we have demonstrated tungsten-based refractory metasurfaces with desired spectral selectivity for STPV applications. The metasurface solar absorbers exhibit high absorption at visible and near-infrared wavelengths where the solar spectral intensity is significant, while the emittance is greatly suppressed at longer wavelengths to reduce the thermal radiative loss. The metasurface thermal emitters allow for wavelength selective emission matching the bandgap of narrow-gap photovoltaic cells and the spectral peak of blackbody radiation to maximize the thermal energy harvesting. We find the metasurface structural integrity and spectral response do 13 not show any significant degradation following prolonged high temperature operation and repeated heating cycles between room temperature and up to 1200 °C. When the metasurface solar absorber and thermal emitter are fully integrated to form the intermediate structure, through a detailed balance calculation we estimated the overall STPV efficiency as high as 18.5% with a practical solar concentration and emitter-to-absorber area ratio, much higher than those achievable by standalone PV cells, therefore providing a path forward for high-performance STPV systems based on refractory metasurface structures.
METHODS
Fabrication of tungsten metasurface absorbers/emitters. All metasurfaces were fabricated on 1 cm × 1 cm, double-sided polished, high-resistivity (ρ > 10,000 Ω-cm) silicon substrate, with an active area typically 1 mm × 1 mm. A 150-nm-thick W-film was first deposited on the substrate surface by DC sputtering at room temperature (power = 100 W, pressure = 3 mT), followed by an Al2O3 thin film using atomic layer deposition (ALD) at 250 °C using trimethylaluminum (TMA) and water precursors. After another 50-nm-thick W-film also by sputtering, a thin layer of chromium (Cr) was deposited by e-beam evaporation to be used as an etching mask for the nanodisks, which were defined by e-beam lithography (JEOL JBX-6300FS) using negative e-beam resist (Dow Corning XR-1541). The nanodisk patterns were transferred into the underlying Cr layer by inductively coupled plasma (ICP) etching with Cl2/Ar chemistry, and subsequently into the W-film by fluorine-based reactive-ion etching (RIE). The Cr etching mask was removed thereafter by a wet chemical etching process, leaving behind square arrays of W-nanodisks on the Al2O3/W layers. HfO2 protective coating was deposited by ALD at 250 °C using tetrakis (dimethylamido) hafnium (TDMAH) and water precursors.
Room-temperature reflection measurements. The room-temperature reflectance (angle of incidence of 20°) of both thin films and all of the fabricated metasurfaces were characterized using a variable angle spectroscopic ellipsometry (VASE) system (J. A. Woollam Co.) at wavelengths from 300 nm to 2500 nm. The unpolarized reflectance was obtained by averaging the p-and spolarized reflectance. For angle dependent reflection measurements, the angle of incidence was varied from 20° to 60° with an increment of 10°. The complex dielectric functions of the W-films were extracted by fitting to the experimental data based on an air/tungsten/silicon three-layer structure using a Drude-Lorentz model.
High-temperature reflection measurements and thermal annealing.
The in-situ hightemperature reflectance was characterized using a home-built measurement setup (see Supplementary Figure S3 ), which mainly comprises a high-temperature vacuum chamber (HeatWave Labs, Inc.), a white light laser source, and a spectrometer/detector suite (Ocean Optics, Inc.). After loading the sample, the vacuum chamber was evacuated to a base pressure of < 10 -5 Torr. The sample was then heated from 20 °C to the targeted temperatures controlled and monitored by a temperature controller (HeatWave Labs, Inc.). At each temperature, the reflection signal (angle of incidence of 12°) from the sample was collected and normalized to that from a silver mirror to extract its spectral reflectance. This setup was also used for thermal annealing of the samples. After reaching the base pressure, the sample was heated from room temperature to 1200 °C at a ramp rate of 10 °C/min. For multiple heating cycles, the sample was cooled back down to 20 °C at the same ramp rate to accomplish one heating cycle, and the same heating and cooling steps were repeated until the total number of heating cycles was achieved.
XRD and SEM characterization. X-ray diffraction (XRD) analyses of tungsten thin films were conducted using a Rigaku Ultima III diffractometer with a Cu Ka (1.5406 Å) X-ray source.
Scanning electron microscopy (SEM) images of tungsten thin films and the fabricated Wmetasurfaces were taken on a high-resolution FEI Nova NanoSEM 450 system. is the open circuit factor, and ( 78 , => ) is the impedance matching factor, all computed using the measured external quantum efficiency of the PV cell 10 .
ASSOCIATED CONTENT
Supporting Information
Figures S1-S5. 
AUTHOR INFORMATION
Corresponding
Notes
The authors declare no competing financial interest. 
